CHARACTERISTICS OF THIN-SKINNED STYLE OF DEFORMATION IN THE SOUTHERN APPALACHIANS, AND POTENTIAL HYDROCARBON TRAPS
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ABSTRACT Rootless folds and gently to steeply dipping thrust faults, which, at depth, join a master decollement near the sedi mentary rock-basement contact, are the key tectonic features of the southern Valley and Ridge and Appalachian Plateaus provinces. The master decollement is a low-angle thrust in basement rocks beneath the Blue Ridge that extends westward as a detachment fault in the sedimentary rocks of the two provinces. Because the major detachment zone west of the Blue Ridge is near the sedimentary rock-basement contact, the earliest decollement mimicked the geometry of the Paleo zoic sedimentary basin. Reconstruction of that basin indicates that it consisted of a thick clastic sequence on the east bordered by a thinner shallow shelf sequence on the west. As the detachment grew, it followed the sedimentary rockbasement contact as a subhorizontal fault through the base of the thick eastern sequence, was deflected upward along the steeply sloping shelf edge to the west, and continued west ward some distance as a subhorizontal detachment beneath the shelf, where it ramped upwards to a higher stratigraphic level (Devonian to Pennsylvanian) and continued again as a subhorizontal detachment fault. The decollement dies out westward in the Plateaus either in minor splays and smallscale duplication within a decollement zone or in a single large splay anticline that deflects the fault to the surface.
Exposed decollement zones in the Plateaus have a recogniz able deformational pattern that consists of a basal detach ment fault overlain by a lower broken-formation zone and an upper fractured zone. In the Valley and Ridge, the lower broken-formation zone rarely occurs above decollements; more commonly, the upper fractured zone or relatively undeformed rocks are present above the detachment fault. This regional variation above detachment faults is produced by obstructions forming during movement within the decollement zone. The obstructions deflect the basal detachment upwards, abandon ing large parts of the decollement zone in the subsurface.
The abandoning process appears to have controlled the thick ness and distribution of Cambrian formations on the surface and in the subsurface in east Tennessee. A field guide to large-and small-scale features of thin-skinned tectonics is provided.
En masse westward movement of rock above the initial decollement, up the tectonic ramps and the relatively steep slope between the shelf and the basin deep, resulted in the formation of a series of rootless anticlines and synclines. In contrast, the present structural pattern in the Valley and Ridge is dominated by thrust faults alternating with synclines. The alteration of the original structural pattern to the present pattern was accomplished through a west-to-east sequential imbrication.
The sharp surface change, at the Allegheny structural front, from more deformed rocks of the Valley and Ridge to the less deformed rocks of the Appalachian Plateaus is clear ly a surficial feature. Drilling and local seismic data suggest that the deformed rocks of the Valley and Ridge have moved westward and have buried a 4-mile (6.4-km) toe or projec tion of Plateaus rocks along much of the structural front in southwest Virginia and Tennessee. Because much of the Paleozoic section is contained within the projection, it is a favorable site to test several different stratigraphic levels for potential commercial hydrocarbon production.
Five distinct changes in color of conodonts have been utilized to estimate the oil and gas potential of the southern Appala chians. An Ordovician isograd map suggests that most of the Plateaus, but only a small part of the Valley and Ridge in Tennessee and adjacent parts of Virginia, have a potential for commercial production of oil. The same data, however, show that a much larger area, including most of the Valley and Ridge, has a potential for natural-gas production.
INTRODUCTION 3
Structure in the southern Valley and Ridge is dominated by a series of en echelon thrust faults alternating with synclines. Outcrop patterns of fault traces and the widespread occurrence of fensters suggested to earlier workers (Hayes, 1891; Camp bell and others, 1925; Butts, 1927 ) that many of these thrust faults, rather than dipping steeply into basement, actually flatten at depth to form lowangle bedding-plane thrusts having miles of north west displacement. Rich (1934) observed that al though the area was completely broken by thrust faults, none of these faults brought basement rocks to the surface. He suggested, therefore, that thrusts in the Appalachian Valley are entirely confined to the sedimentary rocks and that movement of the thrust sheets to the northwest produced anticlines simply by duplication of beds. Folds of this type are rootless structures confined to individual thrust sheets, and rocks below the thrust sheet are left relatively undisturbed. This particular style of de formation, because it has been confined to the sedi mentary sequence above the basement complex, has been termed "thin-skinned" (Rodgers, 1949) .
During the past 30 years or so, limited drilling along the extreme west edge of the Valley and Ridge and parts of the Appalachian Plateaus in the Pine Mountain thrust area has tended to confirm Rich's hypothesis of a thin-skinned style of deformation (Harris, 1970) . However, no wells drilled in the Pine Mountain area actually intercepted basement, and the question of basement involvement in thinskinned deformation remained unresolved. In addi tion, because drilling was confined to a relatively small area along the western edge of the Valley and Ridge, valid three-dimensional data were not avail able to confirm the applicability of the concept to most of the southern Valley and Ridge. Thus, until about 1964, serious questions concerning the style of deformation and the area of its applicability re mained unanswered (Lowry, 1964) . In that year, however, Gwinn (1964) published a summary of data generated by major oil and gas companies in an exploration program in the central Appalachian States of Virginia, West Virginia, Maryland, and Pennsylvania. In that area, regional seismic profiles plus deep drilling have confirmed that the thinskinned style of deformation, as outlined by Rich (1934) , was indeed valid (Jacobeen and Eanes, 1974) . Nonexposed thrust faults, all confined to the sedimentary sequence, were found in the subsurface, and folds were shown to be surficial features con fined to individual thrust sheets. More recently, limited seismic data in the southern Appalachians have verified the applicability of thin-skinned de formation to that area (Harris, 1976) 
(fig. 1).
This paper is an attempt to focus attention on the more important characteristics of the thin-skinned REGIONAL FRAMEWORK style of deformation in the southern Appalachians by presenting a model to illustrate the regional anatomy of a decollement and to identify likely structures that need additional investigation as pos sible prospects for hydrocarbon accumulation.
REGIONAL FRAMEWORK
Reconstruction of the configuration of the original sedimentary basin constituting the present south ern Valley and Ridge and adjacent parts of the Ap palachian Plateaus is hampered by many regionally extensive thrust faults (pi. 1A). These faults, which have displacements on the order of miles, obscure regional facies trends by burying large segments of the original basin and by bringing into juxtaposition facies that accumulated in widely separate parts of the basin. We constructed a generalized basin model ( fig. 2 ) by estimating the amount of shortening across the Valley and Ridge in Tennessee and by moving individual thrust sheets back to their as sumed points of origin. Although the restored basin model is a generalization, it focuses attention on the major characteristics of the basin.
Paleozoic rocks ranging in age from Cambrian to Pennsylvanian in the southern Valley and Ridge form a wedge-shaped sequence that thins markedly from east to west (figs. 2 and 3). In general, this sequence records three major depositional episodes, each separated by regional unconformities. These episodes are represented by a Cambrian through Lower Ordovician unit, a Middle Ordovician through possibly Lower Devonian unit, and an Upper De vonian through Pennsylvanian unit.
The Cambrian through Lower Ordovician deposi tional unit is a westward-transgressive sequence that gradually changes upward from dominantly clastic to dominantly carbonate. The initial deposits (Chilhowee Group) consist of nearshore shallow marine sandstone interfingering with offshore rela tively deeper water shale and siltstone (Whisonant, 1974) . In general, as trangression progressed west ward, the character of the sandstone changed up ward; the basal sandstones are conglomeratic and arkosic, whereas the uppermost sandstones are orthoquartzites. Clastic sedimentation was followed by the formation of a shallow carbonate bank, the Shady Dolomite. Until recently, the Shady was con sidered to be Early Cambrian in age; however, Willoughby (1976) pointed out that it contains both an Early and Middle Cambrian fauna. Evidently the terrigenous clastic rocks of the Rome Formation were deposited in an intertidal and shallow subtidal environment west of the carbonate bank of the Shady.
After the deposition of the Rome Formation (Lower and Middle Cambrian), the basin gradually subsided so that offshore marine environments pre vailed throughout the area. During this period, when the source for clastic materials was to the west and north, a relatively deep water lagoonal sequence of shale, siltstone, and thin-bedded limestone (Conasauga Group) accumulated in the western part of the present Valley and Ridge and the adjacent Appala chian Plateaus (Milici and others, 1973) . To the east, this fine-grained clastic sequence interfingered with and was gradually supplanted by shallow marine carbonate shelf units (Conasauga Group). During the Late Cambrian, the eastern carbonate shelf sequence (Knox Group) transgressed west ward and eventually covered the entire Appalachian basin. The Knox Group is mainly dolomite in the central and western parts of the Valley and Ridge and limestone in the easternmost part. Regionally, during Late Cambrian and Early Ordovician time, the distribution of dolomite and limestone was re lated to the development of a subtidal salinity sys tem over much of the Southern and Eastern United States (Harris, 1973) . Sedimentation apparently ended in Early Ordovician time when uplift of much of the Eastern United States formed a car bonate lowland on which karst topography was widespread.
Uplift and erosion associated with the develop ment of the regional unconformity during Early Ordovician time were greater in the Piedmont than in the Valley and Ridge because Lower Ordovician carbonate rocks are present beneath the unconform ity in the Valley and Ridge, whereas Lower Cam brian clastic and volcanic materials are found beneath the unconformity in the Piedmont (Brown, 1970; Pavlides and others, 1974) .
From Middle Ordovician to Pennsylvanian time, the major source for clastic rocks in the developing southern Appalachian sedimentary basin was to the east or southeast. During Middle Ordovician time, a deep basin (foredeep) formed within the former Cambrian to Lower Ordovician shelf west of the up lifted area in the Piedmont. This foredeep was bordered on the west by a shallow-water Middle Ordovician carbonate shelf. Polymictic conglom erates, containing clasts from all the formations within the Cambrian to Lower Ordovician sequence, occur as turbidite deposits within graptolitic black shale of Middle Ordovician age (Kellberg and Grant, 1956; King and Ferguson, 1960 (Harris and Miller, 1958) . Uplift and erosion prior to the deposition of the Chattanooga Shale (Upper Devo nian and Lower Mississippian) removed all rock above the Middle Ordovician in the easternmost part of the Valley and Ridge and above the Silurian in the central and western parts of the Valley and Ridge.
Regionally in the Valley and Ridge, present-day erosion has removed much of the section above the Upper Devonian; consequently, reconstruction of the Late Devonian and Pennsylvanian depositional his tory is based on a summary of data from Tennessee and the adjacent part of southwest Virginia. The Late Devonian and Pennsylvanian sedimentary epi sode began with widespread deposition of Upper Devonian black shale (Chattanooga Shale). Stratigraphic data indicate that the Chattanooga is thickest (500 to 1,000 ft; 150 to 300 m) in the central part of the Valley and Ridge and that it thins both to the west (50± ft; 15 m) and to the east (12 ft; 3.6 m) (Englund, 1968; Swingle and others, 1967; Glover, 1959) . In contrast, both the immediately overlying Mississippian clastic se quence (Grainger Formation) and the succeeding carbonate-shelf sequence increase in thickness rather uniformly eastward. Final filling of the south ern Appalachian Paleozoic basin was accomplished by a westward advance of a series of Upper Mis sissippian and Pennsylvanian littoral, deltaic, and alluvial deposits (Ferm and others, 1972; Milici, 1974) .
TECTONIC MODEL OF THIN-SKINNED DEFORMATION CHARACTERISTICS OF DECOLLEMENT
The Pine Mountain thrust sheet along the com mon borders of Kentucky, Tennessee, and Virginia (pi. 2) is the classic model for thin-skinned defor mation in the southern Valley and Ridge and the adjacent Appalachian Plateaus. Rich (1934) , utiliz ing the Pine Mountain thrust as an example, sug gested that deformation in the Valley and Ridge was confined to the sedimentary cover, which was stripped off crystalline basement above a detach ment fault and independently deformed. Although the style of thin-skinned tectonics as outlined by Rich (1934) was widely used in interpreting the structure of the southern Valley and Ridge, for many years verification through subsurface control in the vast region was nearly nonexistent. However, in 1974, Geophysical Services, Inc., released a 20-mile (32-km) segment of a migrated vibroseis pro file ( fig. 1 ) from part of the Valley and Ridge of east Tennessee. This profile clearly establishes that the thin-skinned style of deformation does char acterize the structure in the southern Valley and Ridge. Major reflectors (Rome Formation, Cam brian) dip steeply southeastward from the outcrop and decrease their dip gradually in the subsurface to where they merge with the main decollement just above basement (Harris, 1976) . Basement, as pre dicted by some earlier workers, does not seem to be involved to any great extent in the deformation process.
The general cross-sectional configuration of the decollement in the southern Appalachians (as typi fied by the Pine Mountain thrust sheet) consists of a lower level subhorizontal thrust in an incompetent Cambrian shaly zone on the southeast, connected with a higher level subhorizontal thrust in another incompetent shaly zone (Devonian and Mississip pian) on the northwest by a moderately dipping tectonic ramp that has crosscut through a major competent zone (fig. 4) . The geometry of the Pine Mountain fault, as outlined by Rich (1934) , illus trates that in thin-skinned deformation, decollements are not simply low-angle shears that cut indiscriminately upward through competent and in competent rocks; instead, their formation within a lithologic sequence is closely controlled by contrasts in rock competency. Decollements tend to form as subhorizontal features over great distances only in incompetent zones and shift abruptly upward along short diagonal ramps through more competent zones into other incompetent zones. The mechanism responsible for formation of diagonal crosscuts is thought to be either increased frictional resistance, which could not be overcome at a particular level and which required the fault to shift abruptly up ward (Rich, 1934) , or obstructions produced by splay thrusting, which deflect the fault upward to 
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Hinton fig. 2 and pi. 6.) The nomenclature shown on this chart is from many sources and may or may not agree with the U.S. Geological Survey usage. Major oil-producing horizons indicated by large dot; minor producing horizons indicated by small dot.
the next younger incompetent unit or to the surface ( fig. 4 ). Studies of the upper level decollement (Cumber land Plateau overthrust) in the Appalachian Pla teaus (Wilson and Stearns, 1958) and the lower level decollement of the Pine Mountain thrust (Har ris, 1970) indicate that decollements form at differ ent stratigraphic levels parallel to strike as well as normal to strike and unite to form an integrated system to move a thrust plate ( fig. 5 ). Drilling and detailed mapping at the western edge of the Chest nut Ridge fenster show that the Pine Mountain thrust changes stratigraphic position along strike toward the northeast from near the base of the Rome Formation (Lower and Middle Cambrian) along a steeply dipping transverse fault to the base of the Upper Cambrian and Lower Ordovician car bonate sequence (Harris, 1970) (fig. 6 ). Apparent ly, subsurface transverse faults act as connecting links, enabling low-angle thrust faults to form along strike at different stratigraphic levels, whereas diagonal crosscut shears commonly associated with Rich (1934) suggested that the Pine Mountain thrust formed as a continuous fracture that abruptly shifted from one stratigraphic level to another. B, Subsurface data suggest that Valley and Ridge thrusts, like the Pine Mountain, change stratigraphic levels in conjunction with the formation of splay anticlines (Harris, 1976) .
splay-anticline formation are the connecting links that perform the same function perpendicular to strike.
ANATOMY OF A DECOLLEMENT
Although the gross regional geometric form of a decollement has been documented, details within the decollement zone are largely unknown because of poor or incomplete surface exposures. However, this lack of exposure has been remedied by recent road-building programs in both the Appalachian Plateaus and Valley and Ridge of east Tennessee. There massive cuts have fully exposed major parts of both the lower and upper level decollements. The upper level decollement is exposed in the Plateaus in a 2-mile (3.2-km) long roadcut through subhorizontal Pennsylvanian rock along Tennessee Route 8 just north of Dunlap (pi. 3) . At this locality, the decolle ment (the Cumberland Plateau overthrust) formed under probably less than 5,000 feet (1,500 m) of overburden; displacement was confined to about 1,000 feet (300 m). The present attitude of the de collement zone near Dunlap is thought to be similar to the original attitude of that zone. In contrast, the present attitude of the decollement in the Valley and Ridge, involving the Cambrian Rome Formation above the Copper Creek thrust fault exposed in an Interstate 75 cut through Bull Run Ridge, is not the original attitude of that lower level decollement (pi. 4). At the Bull Run locality, the Copper Creek fault is exposed above a steeply dipping major tec tonic ramp; thus, the dip of the decollement is simply a reflection of the dip of the underlying tec tonic ramp. Displacement on the Copper Creek fault of about 10 miles (16 km) to the northwest has moved parts of the original subhorizontal decolle ment up the tectonic ramp, so that structures that formed when the decollement was subhorizontal are rotated from their original position.
Detailed studies of exposed decollement zones sug gest that although upper and lower level decolle ments formed under major differences in overbur den (5,000± ft (1,500 m) for the upper and 12,000± ft (3,600 m) for the lower), a single recognizable deformational pattern is common to both. This pattern was first documented at Dunlap, where it consists of a basal detachment fault over lain by deformed strata that show a distinct upward change in structural style; these strata can be di vided into two zones-a lower broken-formation zone and an upper fractured zone (pis. 3 and 5). Partial confirmation that the detachment fault formed as a bedding-plane thrust is suggested by the fact that the basal detachment parallels the top of a thin coal bed throughout the exposure of the footwall rocks. The original attitude of the detach ment fault to bedding in the hanging wall could not be determined because rocks in the broken-forma tion zone are so deformed that relationships are obscure.
The lower broken-formation zone, which overlies the detachment fault and is generally bound above by a lesser thrust fault, is composed of a series of strata that are separated into disconnected irreg-ularly shaped masses and elongated slabs by faults spaced from a few to about 10 feet (3m) apart. Closely spaced fracturing is pervasive and is readily apparent because sandstones on exposed surfaces have a butcher-block appearance, and shales weather into small triangular or elongated tabular frag ments. Subhorizontal faults and splay thrusts, rota tional normal faults, and antithetic normal faults are common features in this zone. Differential movement within the decollement zone has resulted in internal distortion, so that thrust faults that are interpreted to be subhorizontal when first formed are warped and commonly offset by later faults (pi. 3).
The upper fractured zone is much less internally deformed; however, it shows a gradual upward change in structural style. The lower part of this zone is dominated by splay thrusting that has a rela tively large magnitude of throw. This gives way upward to splay thrusts that have low magnitude of throw alternating laterally and vertically with areas of normal faults and normal shear faults. The upper fracture zone grades vertically into relatively undeformed strata.
Although the Dunlap structural pattern is dupli cated at the Bull Run exposure in the Valley and Ridge (pis. 3 and 4), continuing regional studies of decollements demonstrate that (1) the lower broken-formation zone rarely occurs above decolle ments at other exposures in the Valley and Ridge; (2) more commonly, the upper fractured zone oc curs above the basal detachment fault; and (3) locally, both the lower and upper zones are missing, and the relatively undeformed rocks that normally overlie the upper zone occur as the basal unit above the decollement. This regional variation in tectonic units immediately above decollements in the Valley and Ridge is related to an abandoning process that becomes operative during movement. In this proc ess, beds immediately above the basal detachment fault apparently become intricately broken and folded as movement progresses. Obstructions form ing within the broken-formation zone cause the basal detachment fault to migrate upward, abandon ing the obstructed zone for a more efficient zone of movement. As a consequence, the lower-formation zone generally remains abandoned in the subsurface as higher hanging-wall beds move forward and up tectonic ramps, placing either the upper fracture zone or the overlying relatively deformed strata on younger footwall strata. The abandoning process is illustrated in figure 7 , where three sections of the Rome, arranged west to east, show a progressive eastward thinning of the Rome by subtraction of material from the base of the section. In the eastern most section (3), the early stage of the final abandonment of the Rome is evident in which the incompetent shale of the Conasauga Group has be gun to deform and to slide off the contact with the underlying more competent sandstone at the top of the Rome. About 4 miles (6.4 km) northeast along the strike of section 3, the process of abandonment of the Rome has progressed to the point that a thrust fault was mapped above the contact be tween the Rome and Conasauga by Cattermole (1966) .
The abandonment process appears to have con trolled the distribution and thickness of the Rome Formation on the surface in east Tennessee. This relationship was first noted in a seismic profile in the western part of the Valley and Ridge, where a noticeable progressive tectonic overthickening of the Rome in the subsurface from west to east is coinci dental with an eastward thinning of the Rome on the surface (Harris, 1976) . A correlation appears to exist between the amount of displacement on a thrust fault and the width of the outcrop belt of the Rome on the surface. Thrust faults in the western part of the Valley and Ridge have the least dis placement and the most preserved Rome, whereas thrust faults to the east have the greatest displace ment and the least preserved Rome (Harris, 1976; Milici, 1975) .
The process of abandonment in the Valley and Ridge did not necessarily end when all the Rome was left in the subsurface. On the contrary, as dis placement increased on eastern faults, all or parts of the overlying Conasauga Group may have been abandoned below the base of the overlying Knox Group (pi. 5). Thus, the thickness of the decolle ment abandonment zone probably continued to in crease eastward as the detachment fault migrated upward and abandoned parts of the Conasauga Group. Milici (1975) suggested that the erogenic cycle in the Valley and Ridge began with the formation of a single master decollement stretching from the Blue Ridge into the Appalachian Plateaus. Because the major detachment zone in the Valley and Ridge is near the sedimentary rock-basement contact, the earliest forming decollement apparently mimicked the geometry of the Paleozoic sedimentary basin. Reconstruction of that basin indicates that it con sisted of a deep on the east bordered by a shallow shelf on the west ( fig. 2 ). As the detachment grew, it followed the sedimentary rock-basement contact as a subhorizontal thrust through the base of the deep basin, was deflected upward by the relatively steeper slope on the west side of the deep to the edge of the shelf, where it continued as a subhori zontal detachment beneath the shelf ( fig. 8 ). The interpreted regional form of the master decollement, before movement and modification by the abandon ment process, is similar to the form of the Pine Mountain decollement except that the detachment fault has become a low-angle thrust extending into basement beneath the Blue Ridge .
TYPICAL SURFICIAL STRUCTURES
Movement of rocks above the initial Valley and Ridge decollement produced a series of rootless anticlines and broad flat-bottomed synclines ( fig.  8 ). Anticlines result mainly from large-scale dupli cation of beds as displacement moves rocks from the lower level decollements up a tectonic ramp and onto the next higher decollement surface. However, an ticline formation may take place near the edge of the shelf where a thick section of Paleozoic rocks from the eastern deep is moved onto the shelf edge. Large flat-bottomed synclines are passive features that result from anticline formation.
Although surficially rootless anticlines formed by duplication of beds are similar to flexure folds formed under compression, they are actually a con structed feature confined to the allochthonous sheet ( fig. 9 ). The most active element in the fold is the northwest limb. The crest and southeast limb inherit their attitudes from the attitude of the decollement surface in the autochthonous plate. The northwest limb is formed by a combination of uplift and trans port when truncated beds ride up the tectonic ramp zone and rotate during lateral movement. Thus, a narrow-crested anticline is produced by small move ment (Sequatchie anticline) or a broad flat-topped anticline by large movement (Powell Valley anti cline) . The manner in which rootless folds terminate is controlled either by decreasing movement along strike of a thrust or by transverse faults, some of which may cut to the surface or remain in the sub surface ( fig. 5) (Harris, 1970) .
The present structural pattern in the southern Valley and Ridge is dominated by thrust faults alternating with synclines (pi. 6). This pattern is far different from the original pattern of broad rootless anticlines and flat-bottomed synclines ( fig.  8 ). Apparently the alteration of the original struc tural pattern was accomplished by the process of The end result is a broad rootless anticline that has an undulating crestal region, where on the surface no single axial surface defines the fold (pi. 2). Similarly, no single axial surface defines the Middlesboro syncline (Froelich, 1973) because it is a passive feature resulting from the formation of rootless anticlines on either limb.
west-to-east imbrication. This west-to-east sequen tial imbrication is indicated by the fact that many major thrust faults are overridden and buried from the east by the next succeeding thrust fault. For this kind of burial process to be operative throughout the southern Valley and Ridge, move ment must have ceased on all overridden thrust faults in a west-to-east sequence. The imbrication process was initiated on the south limb of the Powell
Valley anticline, where the moving plate is warped over the tectonic ramp in the autochthonous plate.
The obstruction forming at that point was either a splay anticline or a warp that deflected the de veloping imbricate upward. Because imbricates are rooted in the decollement zone, miles of movement above the imbricate has placed once-subhorizontal decollement rocks against folded footwall rocks, thereby destroying all evidence of an original fold OIL AND GAS PRODUCTION 15 and accentuating the syncline in the f ootwall by drag. The original anticlinal folds are evident (Saltville thrust) only to the northeast along strike of many thrust faults, where displacement on thrust faults decreases. Once the imbrication process was set in motion, the same factors that originally contributed to imbrication tended to be repeated, so that another imbricate formed on the east. In this manner, the process of imbrication shifted from west to east to produce the present structural pattern of synclines alternating with thrust faults (pi. 6).
Apparently because later forming imbricates are not stringently controlled by contrasts in rock com petency as was the master decollement, imbricates commonly crosscut subhorizontally across prefolded terrane in footwalls, especially synclines, and par tially or completely bury these structures (Clinchport fault in southwest Virginia; Rome fault in Georgia and Alabama; Pulaski fault in Virginia and Tennessee). It seems evident that only the initial decollement formed in relatively undeformed rocks and that all later forming imbricates originated in previously folded terrane in the later stages of the folding process (Milici, 1970; Harris, 1976) .
Both the eastern and westernmost parts of the Valley and Ridge contain many fensters produced by the folding of a once-subhorizontal thrust plate. In general, thrust faults in the fenster areas form slightly asymmetrical arches, the northwest limbs being slightly steeper than the southeast flanks ( fig. 10 ). Rocks both above and below the arched fault usually show different structural patterns; these patterns existed before folding took place. Deep drilling in the fenster area of Lee County, Va. (Bales well, 8,020 ft (2,406 m) total depth), indi cates that arching in that area is caused by the sub surface duplication of more than 5,000 feet of rock by a nonexposed thrust fault (Harris, 1967) . Another deep test (Kipps well, 9,340 ft (2,802 m) total depth) in Montgomery County, Va., drilled in the Price Mountain fenster through the Pulaski fault suggests that arching in that area is related to subsurface splay thrusting in the interval from the base of the Martinsburg Shale into the basal part of the Devonian. The mechanism that arched the Pulaski fault is similar to that described by King and Ferguson (1960) in the Mountain City fenster through the Shady Valley thrust sheet in northeast Tennessee. Apparently, duplication of Lower Cam brian rocks by a series of relatively minor imbricate thrusts in the autochthonous plate warped the Shady Valley sheet. These examples point out that "folded" thrusts are not the result of lateral com- companying tectonic thickening in the subsurface, which is thought to be a mechanism responsible for the "folding" of thrust faults. Subsurface thickening occurs either by repe tition through many minor thrusts or by massive duplica tion above a single thrust fault.
pression applied to both the allochthonous and au tochthonous plates as a unit. Instead, arching re sults from subsurface duplication either as a single massive block or as a series of minor splays within the autochthonous block. Obviously, rocks of the au tochthonous block are not passive elements, as sug gested by Rich (1934) , but take an active part in thin-skinned tectonics.
OIL AND GAS PRODUCTION
Commercial oil and gas resources are nearly con fined to the flat-lying beds of the Appalachian Pla teaus immediately adjacent to the Pine Mountain 16 THIN-SKINNED STYLE OF DEFORMATION AND POTENTIAL HYDROCARBON TRAPS thrust fault (pi. 1, B and C). However, some re sources of gas do occur in Plateaus rocks in the northeast part of the Pine Mountain thrust sheet. Three relatively minor commercial hydrocarbon ac cumulations are within the Valley and Ridge-the Rose Hill oil field in Lee County, Va., the Early Grove gas field in Scott and Washington Counties, Va., and the Dayton oil field in Rhea County, Tenn.
Within the Appalachian Plateaus, the producing section ranges from Lower Ordovician to Pennsylvanian, principal production being obtained from Devonian and Mississippian reservoirs ( fig. 3 ). Oil production is mainly from Mississippian reservoirs in Tennessee and that part of Kentucky just west of the Pine Mountain fault. The major gas production is from Devonian and Mississippian rocks in Ken tucky that are adjacent to and extend into the north east end of the Pine Mountain thrust sheet of Vir ginia. Drilling depths range from less than 2,000 feet (600 m) in Tennessee to more than 5,000 feet (1,500 m) in parts of eastern Kentucky and Virginia.
The principal oil-producing horizon in Tennessee is the Fort Payne Formation: some production has been obtained from the Monteagle and Bangor Lime stones. Porosity in the Fort Payne is confined to zones within isolated lenses of fossiliferous lime stone and in the Monteagle and Bangor to porous oolite zones that have been enhanced by fracturing (Statler, 1975) . Apparently, similar reservoir and porosity conditions exist in the Mississippian rocks of Kentucky adjacent to Tennessee (McFarlan, 1943) . However, toward the northeast, oil reservoirs in the Fort Payne equivalent are siltstone zones, whereas porous dolomite becomes a porosity factor in the "Big Lime" (Webb, 1972) .
In the major gas-producing area of Kentucky and Virginia, reservoirs include Mississippian sandstone and siltstone zones both above and below the "Big Lime," as well as the "Big Lime" and the brown shale of Devonian and Mississippian age (Chatta nooga Shale of Tennessee). Porosity in all of these units may be primary; some secondary fracturing may be present in Kentucky (Ray, 1971) . In Virginia, secondary fracturing associated with the Pine Mountain thrust sheet becomes the dominant poros ity (Ryan, 1974) .
The now-abandoned Early Grove gas field was the only commercial gas field in the southern Valley and Ridge. The field was confined to a single anti cline about 7 miles (11.2 km) long and about 1 mile (1.6 km) wide (Averitt, 1941) . Incomplete drilling records suggest that the Early Grove anticline may be a small splay anticline, similar to those described by Jacobeen and Kanes (1974) in the Broadtop synclinorium. Gas production at Early Grove was prob ably from fractures associated with the splay thrust system in the lower part of the Little Valley Lime stone of Mississippian age. During the life of the field, one well was deepened to the Chattanooga Shale and obtained minor production (Huddle and others, 1956) .
Until recently, the only commercially significant oil produced in the southern Valley and Ridge was from the Rose Hill oil field in the fenster area of the Pine Mountain thrust fault in southwest Vir ginia. More recently, minor production has been obtained from Mississippian-age rock near Dayton, Tenn. In the Rose Hill area, oil, which is entrapped in fracture zones in the Trenton Limestone and, in one instance, in the Hardy Creek Limestone, was thought to be from the so-called stationary plate exposed in a series of fensters near the crest of the Powell Valley anticline (Miller and Fuller, 1954) . However, drilling in 1964-65 by the Shell Oil Co. (Bales No. 1) just south of the fenster area de termined that the so-called stationary block exposed in the fenster was actually a part of a 5,600-footthick (1,680-m) sequence of beds of Cambrian to Silurian age duplicated in the subsurface by a nonexposed thrust fault (Harris, 1967) . Thus, oil pro duction in the Rose Hill field is confined to Middle Ordovician limestone in a wedge-shaped duplicated sequence above the so-called stationary plate, and the Trenton in the stationary plate has never been tested (pi. 2).
Early exploration, in the 1940's and 1950's, in the Rose Hill field was confined to the fensters. Later, areas adjacent to fensters were drilled with some success. Sporadic drilling has continued in this area as well as to the northeast in another series of fensters similar to those of the Rose Hill area, but without much success. According to Miller and Fuller (1954) , the life of most producing wells ranges from 3 months to 2 years. However, within the Rose Hill field, a few wells have continued to produce a small amount. Total cumulative oil pro duction to 1972 is estimated to be 281,000 barrels (bbl) (B. M. .
Two wells, the Eli Brooks No. 1 and the Anthony Ely No. 1, encountered relatively large shows of gas; however, both wells have been plugged and abandoned, so that no production data are available. The Ely well, drilled along U.S. 58 about 5 miles (8 km) northeast of the fenster area near Hagan, Va., after passing through the Pine Mountain fault, encountered an estimated 100,000 cubic feet of gas a day in the Reedsville Shale (Miller and Brosge, 1954) . Although the Ely well is reported to be plugged, it has continued to flare gas. The Brooks well, drilled about iy2 miles (2.4 km) west of the fensters, shortly after passing through the Pine Mountain fault, penetrated a gas zone in the basal sandstone of the Silurian Hancock Dolomite. Miller and Fuller (1954) reported that this well was gauged twice, once when the gas zone was penetrated and 60 days later after it had continuously blown off. The early measurement indicated that well was pro ducing about 225,000 cubic feet per day; the second measurement was gauged at 211,000 cubic feet per day.
Three shallow exploratory wells were drilled northeast of Dayton, Tenn., in 1922 in the Valley and Ridge, approximately 2 miles southeast of the eastern Cumberland escarpment. The wells, collared in Ordovician limestones of the Rockwood thrust sheet, penetrated the fault at 700 to 800 feet .(210 to 240 m) and entered shale and limestone of Mississippian age. Shows of oil or gas have been re ported from each well, and one well is reported to have produced 5 bbl per day. In 1975, Tengo Oil Co. sited a well adjacent to the 1922 wells, drilled to the same depths, and completed a small (5 bbl/ day) well in an oolite zone in the upper part of the Mississippian Monteagle Limestone.
Significantly, the Tengo well has confirmed the conclusion, based on surface studies (Milici and Leamon, 1975) , that relatively undisturbed younger Paleozoic strata of the Appalachian Plateaus ex tended eastward at shallow depths beneath the Rockwood thrust fault. Since the Tengo outpost was completed, several additional tests have been planned or drilled, but information concerning these wells is not available.
OIL AND GAS POTENTIAL
Recent studies have related color changes in conodonts-from pale amber to black-to the progres sive alteration of trace amounts of organic matter within the fossil (Epstein and others, 1976) . This irreversible color change is related to increased temperature, principally caused by the geothermal gradient and an increase in overburden thickness and, to a lesser degree, by duration of burial. Five distinct changes in color have been recognized, and each change is indexed to its particular fixed-carbon ratio range. These color changes, called conodont alteration indices (CAI), can be utilized to estimate the oil and gas potential of the southern Appala chians.
Because the degree of alteration of the organic matter within conodonts is related to depth of burial, more than one isograd map is needed to assess the oil and gas potential at different stratigraphic lev els within the Paleozoic section. Accordingly, two maps were prepared, one of the lower part of the Paleozoic section at the Ordovician level and one higher in the section at the Mississippian level (pi. 1, B and C). In general, both isograd maps show major changes in overall pattern from west to east. Although CAI values progressively increase east ward, there are notable differences in the lateral continuity of trends of individual isograds in the Appalachian Plateaus versus the Valley and Ridge. In the Plateaus, where the isograd pattern is not affected by thrusting, individual trend lines are con tinuous, but in the Valley and Ridge, where thrust ing has disrupted the regional pattern by telescop ing and burial, trends of individual isograds are discontinuous. Disruption of parts of the regional isograd pattern is particularly noticeable along the leading edge of the Blue Ridge-Piedmont thrust sheet, where Valley and Ridge sedimentary rocks are clearly progressively overridden and buried from the east by metamorphic and igneous rock. The dis ruptive relationship of thrust faults to isograds in dicates that the thermal-maturity pattern in the southern Appalachians developed before the thrust ing. Thus, thrusting from the east can and does place more thermally mature strata over less thermally mature strata on the west. As a consequence, iso grads on the surface of a thrust sheet do not neces sarily characterize the thermal maturity of rocks in the autochthonous plate. This relationship is illus trated by the fact that autochthonous rocks exposed within fensters through the Blue Ridge thrust sheet in Tennessee and the Pulaski thrust sheet in Vir ginia are thermally less mature than those of the overlying allochthonous sheet (pi. 1 B) . Epstein, Epstein, and Harris (1976) have deter mined experimentally that, although minor commer cial oil production may be possible between CAI 2 to 2.5, major commercial production of oil is limited to areas of CAI 2 or lower. The upper limit for pro duction of commercial quantities of gas appears to be defined by the 4.5 isograd. The distribution of the CAI 2 isograd on the Ordovician map (pi. IB) suggests that most of the Plateaus, but only a small part of the Valley and Ridge in Tennessee and ad jacent parts of Virginia, have a potential for com mercial production of oil. The 4.5 isograd is re stricted to the easternmost edge of the Valley and Ridge, suggesting that if suitable traps and source beds are available, most of the southern Valley and Ridge has a potential for commercial accumulations of gas from Ordovician and possibly from Cambrian rocks.
Lower value isograds of the Mississippian inter val (pi. 1C), tend to shift eastward in relation to the Ordovician isograds because of less total over burden. As a consequence, all the Plateaus from the northeast end of the Pine Mountain thrust sheet to Alabama as well as parts of the Valley and Ridge may have potential for both oil and gas accumula tion. However, although the remaining part of the Valley and Ridge is characterized by isograds below 4.5, major gas production is not expected because of limited distribution of Mississippian rock, except in the Valley and Ridge of Alabama.
FUTURE OIL AND GAS POSSIBILITIES
Most oil within Mississippian rocks in the Pla teaus adjacent to the Valley and Ridge is in rela tively small isolated stratigraphic traps. Exploring for small stratigraphic traps is difficult because there are few obvious surface indicators to guide an exploration program. As a consequence, the time lag is usually considerable between discovery of a new reservoir and the realization of the potential of a particular area. As has happened in the past in the oil-producing areas of Tennessee and Ken tucky, when more subsurface data on distribution and entrapment controls become available, new drill ing will extend older fields, and new reservoirs will be found.
In the major gas-producing area in Kentucky and Virginia adjacent to and in the Pine Mountain thrust sheet, two main types of reservoirs are foundisolated stratigraphic traps and so-called blanket reservoirs (Ray, 1971) , both of which may be en hanced by fracturing. Blanket reservoirs are wide spread lithologic units, such as Devonian and Mis sissippian brown shales and the Berea Sand, that produce gas in a wide area almost anywhere that a drill penetrates, although not necessarily in com mercial quantities. Because of low porosity and per meability in these units, the common practice is to stimulate production by induced fracturing, which usually results in a long-lived but low-delivery pro duction (Ray, 1971) . Because production in Vir ginia is associated with natural secondary fracture porosity in the blanket reservoirs, efforts are being made to utilize the relationship between surface fracture patterns and subsurface production (Ryan, 1974) through an integrated program combining geologic mapping, remote-sensing data, and drilling.
If this innovative method is successful and surface fracture patterns within the Pine Mountain thrust fault system can be used as guides in exploration, substantial additional reserves will almost undoubt edly be added to the Virginia gas field. In addition, this exploration technique may be applied to areas within the Valley and Ridge, where thick accumula tions of Ordovician, Devonian, and Mississippian shale, rich in organic matter, occur. Such exploration may result in the identification of favorable areas for exploration and the possible recovery of com mercial quantities of gas in this province.
So few wells have completely penetrated the Cam brian through Ordovician section in the southern Appalachians that the sequence remains nearly un explored. In a few isolated localities in the Appa lachian Plateaus of Tennessee and Kentucky and in the Valley and Ridge of Virginia, minor production has been obtained either from the Trenton Lime stone or from the top of the Knox Group (Ray, 1971; Statler, 1975; Miller and Fuller, 1954) .
Although little is known concerning the hydrocar bon potential of the Cambrian and Ordovician in and adjacent to the southern Appalachians, some limited data concerning the entrapment mechanisms in the Trenton Limestone and the Knox Group are available. Reservoirs in the Trenton are thought to be the result of solution and fracture porosities as sociated with minor closures in the Appalachian Plateaus (Born and Burwell, 1939) . Similarly, in the Valley and Ridge, oil appears to have been producd in areas of minor warping, where fracture zones within the Trenton are concentrated enough to form a commercial reservoir (Miller and Fuller, 1954) . As pointed out earlier, oil in Virginia is pro duced from a wedge-shaped Cambrian-to-Silurian sequence duplicated above another Cambrian-toSilurian sequence in the autochthonous plate. Addi tional drilling has not outlined in the subsurface the areal extent of the duplicated subsurface slab; how ever, the presence of this slab in the subsurface is the probable cause for the arching of the Pine Moun tain fault in the fenster area from Ewing to near Pennington Gap, Va., a distance of about 25 miles (40 km). Sections drawn by Miller and Brosge (1954) throughout the area suggest that not only is the Pine Mountain thrust arched beneath the fen ster area, it is also arched beneath the low-amplitude Sandy Ridge anticline on the south limb of the Powell Valley anticline ( fig. 11) . Arching beneath the Sandy Ridge anticline is probably related to sub surface duplication similar to that documented for the fenster area. Because drilling has been concen-trated locally in the subsurface-duplicated Cam brian-to-Silurian sequence exposed in the fensters in southwest Virginia, the full potential of the area has never been adequately tested. The presence in the subsurface beneath the northwest limb of the Powell Valley anticline of a duplicated Cambrian-toSilurian sequence above the same Cambrian to Ordovician sequence in the autochthonous plate simply doubles the opportunities to explore for hydrocarbon reservoirs in one well in the Powell Valley area.
The trapping mechanism that accounts for the minor production from the Knox Group in Tennes see and Kentucky is associated with the unconform ity at the top of the sequence. Small commercial quantities of oil have been produced from erratically distributed paleoerosional highs containing solutionporosity zones. Although the erosional highs are dis continuous and difficult to locate, they are important because the conditions under which they formed were prevalent throughout the entire southern Ap palachians.
Detailed studies in the Valley and Ridge have demonstrated that porosity zones in the Knox are not limited to rocks just beneath the unconformity (Harris, 1971) . The controls and distribution of major solution-porosity zones in the upper part of the Knox Group are summarized as follows:
1. Solution processes associated with formation of the unconformity at the top of the Knox pro duced a regional paleoaquifer system. 2. Apparently because of major differences in solu bility between limestone and dolomite, solu tion within the paleoaquifer system was con fined to limestone tongues within the predom inantly dolomite section. Depending on paleoregional dip, these limestone tongues may be 100 to 800 feet (30 to 240 m) below the un conformity. Solution of limestone removed support from beneath the overlying dolomite, and extensive collapse formed regionally dis tributed, stratigraphically controlled breccia bodies. 3. Drilling in middle Tennessee and the adjacent parts of southern Kentucky and northern Ala bama (Mellon, 1974) fig. 1) (Harris, 1976 ). These data demonstrate that a fundamental change takes place from west to east in the thickness and character of the decollement zone. Because large slabs of the Rome Formation and Conasauga Group are progres sively abandoned in the subsurface, the decollement zone thickens eastward. Some of the fault-bound abandoned masses appear to be sealed by the Cona sauga part and are structurally situated so that fracture porosity zones, if present in the Rome part of these slabs, could have acted as traps for hydro carbons migrating updip. Future gas-exploration ef forts directed toward testing the potential of the decollement zone should be concentrated in the cen tral and eastern parts of the Valley and Ridge where the possibility for thick accumulation of fault-bound masses is greatest.
Another significant feature outlined by the Ten nessee seismic profile is the subsurface relationship of the Chattanooga and Rockwood thrust system, at the leading edge of the Valley and Ridge, to rocks of the Appalachian Plateaus. The sharp surface change from the more deformed rocks of the Valley and Ridge to the less deformed rocks of the Plateaus -the Allegheny structural front-is clearly a surficial feature. In the subsurface, Cambrian and Ordovician rocks of the Chattanooga thrust sheet have moved westward and buried a 4-mile (6.4-km) pro jection of Cambrian to Mississippian rocks of the Plateaus. Drilling by the Tengo Oil Co. near Dayton, Tenn., has confirmed the existence of the Plateaus projection by penetrating Mississippian strata at shallow depths beneath the Rockwood fault. Because the Chattanooga and associated thrust form a con tinuous structural feature from the Jacksboro fault to the southern border of Tennessee (pi. 1A), we assume that a Cambrian to Mississippian projection of the Plateaus province is present beneath the en tire length of the Chattanooga thrust fault, a dis tance of about 100 miles (160 km).
Minor production of 5 bbl/day of oil from the Tengo well near Dayton in the Valley and Ridge is important because it demonstrates that little-de formed rocks of the Plateaus projecting beneath thrust sheets at the edge of the Valley and Ridge have a potential for hydrocarbon accumulation.
That thrusting of Valley and Ridge rocks over Appalachian Plateaus rocks in Tennessee is not an isolated structural feature is illustrated by the fact that the Powell Valley anticline within the Pine Mountain thrust sheet is a surficial feature above a projection of Cambrian to Silurian rocks of the Plateaus. In addition, a series of sections spanning the interface between the Plateaus and the Valley and Ridge in the northeastern segment of the south ern Appalachians suggests that a similar Plateaus projection is present in that area ( fig. 12) . Thus, for a distance of about 340 miles (544 km), Valley and Ridge structures are commonly thrust over Plateaus rocks.
The dominant structure in the Appalachian Pla teaus projection in Tennessee is a large splay anti cline ( fig. 1) , whereas in the Virginia projection beneath the Powell Valley anticline, structure ap pears to be dominated by massive duplication asso ciated with splay thrusting (pi. 2). Indication that subsurface duplication may be present in the Pla teaus projection northeast of the Pine Mountain thrust sheet in Virginia is suggested by the local occurrence of doubly plunging anticlines (Burkes Garden and Bane). These anticlines are interpreted to be local warps in the allochthonous sheet pro duced by subsurface duplication similar to the du plication that warped the Pine Mountain fault below the Powell Valley anticline (Harris, 1967) . The oc currence in the subsurface of splay anticlines and associated thrusting within Plateaus projections is important for the following reasons: (1) Structures of this type, where sealed, potentially may form major porosity traps; (2) on the basis of the distri bution of conodont isograds (pi. 1, B and C), Pla teaus rocks are within the early stages of commer cial gas generation and locally in the later stages of oil generation; and (3) because much of the Paleo zoic section is contained within the projection, these structures are favorable sites to test several differ- 
FIELD GUIDE TO STRUCTURAL FEATURES OF THE SOUTHERN APPALACHIANS IN PARTS OF TENNESSEE AND SOUTHWEST VIRGINIA 4
Many of the general principles of thin-skinned tectonics were derived from study of the regional structural patterns in the southern Appalachians (Rich, 1934; Rodgers, 1949; King, 1960) . Although the general concept of thin-skinned tectonics has long been used to explain the style of deformation in this area, only in the past several years have sufficient data become available to provide a clearer understanding of the details (Harris, 1970 (Harris, , 1976 Milici, 1975; Milici and Leamon, 1975) . This field guide provides an opportunity to examine in the Ap palachian Plateaus and the Valley and Ridge several of the classic structures previously cited as primary examples of thin-skinned deformation and to study at widely separated, well-exposed localities some of the details of this style of deformation.
The general form of a decollement in the southern Appalachians, as illustrated by the Pine Mountain thrust sheet (stops 4-7), consists on the east of a lower level subhorizontal decollement in a shaly zone near the top of the basement, connected on the west to a stratigraphically higher level subhorizon tal decollement by a moderately dipping tectonic ramp ( fig. 4) . Decollements die out westward in the Plateaus, either in minor splays and small-scale duplication within decollement zones (Cumberland Plateau thrust) or in a single large splay anticline (Pine Mountain thrust) that deflects the fault to the surface.
A regional view of a decollement can be accom plished best by first studying the subhorizontal higher level decollement zones in the Plateaus and then proceeding to the more complexly deformed lower level decollement zones exposed above tec tonic ramps in the Valley and Ridge. At two places in the Cumberland Plateau of Tennessee, one near Dunlap and the other near Ozone (stops 1 and 2), upper level decollements in subhorizontal Pennsylvanian strata are exposed in roadcuts for distances of greater than 1 mile (1.6 km). The exposure near Dunlap illustrates in one section the vertical tec tonic zonation associated with a decollement, whereas the exposure at Ozone is an excellent ex ample of multiple deformation dominated by minor splay thrusting in the dying-out phase of the Ozone * The nomenclature shown in the road log is from many sources and may or may not agree with the U.S. Geological Survey usage. Chattanooga is in a topographic basin between uplands of the Cumberland Plateau to the west, Lookout Mountain on the southeast, and Mission ary Ridge to the east. The Tennessee River, which has its headwaters in southwestern Virginia and western North Carolina, enters the city from the northeast (at 1.4 miles), makes its famous loop around Moccasin Bend, and leaves the Valley and Ridge to pursue a winding westward course into the Cumberland Plateau through the Walden Ridge gorge.
Chattanooga lies toward the eastern margin of the Paleozoic carbonate shelf ( fig. 2) , where carbon ate rocks of Ordovician to Mississippian age domi nate the lithologic sequence. West of Chattanooga, the Lookout Valley anticline (at 3.7 miles) forms a conspicuous linear feature along the Cumberland Plateau escarpment. The more resistant strata of Pennsylvanian sandstone and shale have been eroded along most of the length of the anticline, so that limestones as old as the Middle Ordovician (Catheys Limestone) are exposed along its axial trace. Unlike most Valley and Ridge anticlines, the Lookout Valley anticline is asymmetrical to the southeast. The field-trip route is generally toward the eastern margin of the Paleozoic carbonate shelf; however, the route extends into the area occupied by the eastern deep basin ( fig. 13) shale, limestone, and sandstone (Pennington For mation and Warren Point Sandstone), about 900 feet (270 m) thick and having a rim rock composed of Pennsylvanian orthoquartzite. This Carbonifer ous sequence generally records the widespread de velopment of the late Paleozoic carbonate shelf and its ultimate demise beneath a torrent of Pennsyl vanian terrigenous clastic rocks. In the southern Cumberland Plateau of Tennessee, Upper Mississip pian and Lower Pennsylvanian terrigenous clastic rocks were deposited in a series of shallow-water to littoral depositional environments (shoreface, beachbarrier, lagoon, marsh) (Ferm and others, 1972; Milici, 1974 
Overlook with a view of Sequatchie anticline
The Sequatchie anticline is a thin-skinned rootless fold formed by the rotation and duplication of beds above the westernmost major tectonic ramp in the southern Appalachians. Breached by erosion along most of its length, the Sequatchie anticline forms one of the most scenic valleys in east Tennessee. In this area, the valley floor, which is composed almost entirely of Ordovician to Mississippian carbonate strata, has been lowered to near the top of the ramp zone, exposing the Sequatchie Valley fault. Along its length, the Sequatchie Valley ramp fault rises at a moderate angle from a lower level subhorizontal decollement in Cambrian shale across a thick carbonate section that ranges from Cambrian to Mississippian in age, and, in places on the west side of the anticline, it flattens to form a subhorizontal upper level decollement in Pennsylvanian strata, the Cumberland Plateau thrust (pi. 7).
Along most of its length, the Sequatchie fault thrusts dolomite of the Knox Group or limestone of the Stones River Group over a nearly flat-lying footwall of Mississippian limestone and shale. To the northeast, along strike where erosion and dis placement are less, progressively younger beds ex tended into the fault, and, at the head of Sequatchie Valley, the fault plunges beneath a cover of hangingwall rocks. Its extension in the subsurface probably to the Emory River cross fault was established by the Shell Oil Co.'s Peterson No. 1 (pi. 7).
The anticline has been tested for oil and gas in six places. Four of the tests were shallow, and two extended deeply into the structure. All are dry and abandoned. Five of the six tests were drilled through the Sequatchie Valley fault into flat-lying beds of the footwall and thus confirm the observa tion made during field mapping-that faulting took place without any prior deep-rooted folding. In con trast to structures in the Valley and Ridge where thrusts ride over folded footwalls, the Sequatchie anticline formed entirely by duplication of beds above the Sequatchie Valley fault.
Mileage-Continued
Cumula The Cumberland Plateau thrust is a decollement in Pennsylvanian rocks, which has less than a mile of northwest movement and which extended west of the Sequatchie anticline from the Emory River cross fault on the north to a little beyond Dunlap, Tenn. South of Dunlap, the Cumberland Plateau thrust is less well denned, and there is little evi dence of en masse movement of hanging-wall beds in that area.
The best exposure of the Cumberland Plateau de collement zone is near Dunlap along Tennessee Rte. 8, where the deformed zone is almost continuously exposed for a distance of 2 miles (3.2 km) (pi. 3). At this locality, the basal detachment fault is en tirely within Pennsylvanian-age rocks just above a coal bed near the base of the Raccoon Mountain Formation. However, the zone of deformation as sociated with the fault includes about 360 feet (108 m) of rock assigned to the Raccoon Mountain For mation, Warren Point Sandstone, Sewanee Conglo merate, and the Whitwell Shale. Strata above the Whitwell were generally unaffected by the defor mation process.
At Dunlap, the decollement zone consists of a basal detachment overlain by deformed strata which show a distinct upward change in structural style. This upward change can be divided into two zonesa lower broken-formation zone and an upper frac tured zone.
That the detachment fault formed, at least in part, parallel to bedding is suggested by the fact that the fault parallels the top of a thin coal bed throughout the exposure of the footwall rocks. The lower broken-formation zone, which overlies the de tachment fault and is bound above by a lesser thrust fault, is composed of intricately deformed rocks that are separated into disconnected irregularly shaped masses and elongated slabs by faults spaced a few to about 10 feet (3 m) apart. Differential move ment within the decollement zone has resulted in internal distortion, so that thrust faults that are interpreted to have been subhorizontal when first formed have been warped as well as offset by later occurring faults. Relative ages of these detached slabs, determined where slabs override one another, suggest that they result from the abandoning proc ess that becomes operative during movement. In the abandoning process, beds immediately above the basal detachment fault apparently become intri cately broken and folded as movement progresses. Obstructions developing within the broken forma tion zone cause the basal detachment fault to mi grate upward, abandoning the obstructed zone for a more efficient zone of movement (pi. 5).
Within the broken-formation zone, closely spaced fracturing is pervasive and is readily apparent be cause standstones on exposed surfaces have a but cher-block appearance, and shales weather into small triangular or elongated tabular fragments. Subhorizontal and splay thrusts, rotational normal faults, and antithetic normal faults are common features in this zone. The last-formed faults, rota tional normal faults, offset all earlier formed struc tures for distances ranging from less than 1 foot (0.3 m) to about 10 feet (3 m). These faults ap parently formed after the hanging-wall movement had ceased during a period of minor internal adj ustment.
The upper fractured zone, though much less in ternally deformed, shows a gradual upward change in structural style. Style in the lower part of this zone is dominated by splay thrusting having a rela tively large magnitude of throw. This gives way up ward to splay thrusts having low magnitude of throw alternating laterally and vertically with areas of 26 THIN-SKINNED STYLE OF DEFORMATION AND POTENTIAL HYDROCARBON TRAPS normal and rotational normal faults. The Sewanee Conglomerate, probably the most competent unit in the upper part of the upper fractured zone, is de formed by a series of shear normal faults. Defor mation is so intense within the Sewanee that the many small slip surfaces formed subparallel to the larger rotational faults give much of the unit a crushed appearance. In contrast, less competent shale and coal beds below the sequence are deformed by flowage and in places form tectonically overthickened rolls or thin dikes that cut across adja cent competent strata. Shear normal faults appear to have been formed in response to westward flowage of incompetent rock material beneath the Sewa nee Conglomerate. Deformation in shale overlying the Sewanee is represented only by minor bedding thrusts and associated splays rooted in a coal bed at the base of the shale unit.
Cumula The Ozone decollement, formerly thought to be part of the Cumberland Plateau thrust system (Stearns, 1954) , is the dying-out phase in the Ap palachian Plateaus of a Valley and Ridge fault, the Chattanooga fault (pis. 7 and 8). The Ozone decolle ment follows the bedding of the Whitwell Shale from the eastern Cumberland Plateau escarpment at Rockwood to the eastern limb of the Sequatchie anticline. Displacement along the Ozone decolle ment is minor; however, multiple deformation within the decollement zone is sufficient to compen sate for some of the displacement on the Chatta nooga fault system. Near Rockwood, this compen sation is evidenced by complex deformation of the Whitwell Shale and its contained Sewanee coal bed. The thickness of the Sewanee coal is normally about 4 feet (1.2 m) ; however, in an abandoned mine near Rockwood, the coal is technically thick ened into elongated rolls, some as much as 120 feet (36 m) thick (Glenn, 1925) . Exposures at stop 2 are typical examples of the complex development of splay thrusting involved in the multiple deforma tion process that distributes horizontal shortening. The Cardiff Ridge anticline, just west of stop 2, is thought to result from multiple splay thrust, similar to stop 2, but the zone of deformation is not exposed. Like central Appalachian foreland folds, the Cardiff Ridge anticline is asymmetrical to the southeast.
The Ozone decollement, like the Cumberland Plateau decollement at Dunlap, is divisible into a lower broken-formation zone and an upper frac tured zone. The position of the basal detachment fault is stratigraphically controlled and overlies a thin coal bed at the base of the Whitwell Shale. The broken-formation zone is composed of intensely fractured Whitwell Shale, from which splay thrusts of moderate displacement extend upward into the fractured zone, duplicating parts of the Whitwell, Newton, and Vandever Formations in a series of small, tightly folded thrust blocks. Thick sandstone units, where folded, are intensely crushed, whereas shale tends to be tectonically thickened in axial re gions.
Cumula At this locality, where Cambrian Rome Formation is thrust over Moccasin Formation (Middle Ordovi cian), the lower level Copper Creek decollement is exposed above a steeply dipping major tectonic ramp; consequently, the present attitude of the de collement is simply a reflection of the dip of the underlying ramp. Displacement of about 10 miles (16 km) to the northwest has moved parts of the original subhorizontal decollement up the tectonic ramp, rotating structures that were formed when the decollement was subhorizontal. Comparison of the details of the upper level Pennsylvanian decolle ment zone at Dunlap with the lower level Cambrian Copper Creek decollement zones (pis. 3 and 4) sug gests that, although these zones were formed under major differences in overburden (5,000 ft (1,500 m) versus 12,000 ft (3,600 m)) a single deformational pattern is common to both. However, there is a major difference in footwall deformation. Both at Dunlap and at Ozone, footwall rocks are nearly un disturbed, whereas at Bull Run the footwall rocks are moderately deformed by many small splay thrusts. Splay thrusting in footwall rocks may be adjustments to compressional forces exerted by movement of the Copper Creek thrust sheet up the ramp zone.
The broken-formation zone, about 20 feet (6m) thick, consists of intricately fractured sandstone, siltstone, and shale. Two minor thrust faults that are subparallel to the basal detachment fault are deformed by many rotational normal faults. The overlying zone of fracture extends upward through the Rome Formation into the base of the Conasauga Group. As in the upper fracture zone at Dunlap, compressional and tensional features occupy succes sive intervals through the exposure.
The exposure along the Copper Creek fault is uni que because it contains the distinct upward change in structural style that characterizes the decolle ment zone at Dunlap. More commonly, the lower broken-formation zone is not exposed along the major tectonic ramps in east Tennessee. For ex ample, east of the Bull Run section, the Rome For mation thins progressively so that lower parts of the Dunlap pattern are missing. The tectonic thin ning of the Rome appears to be related to the de velopment, during movement, of obstructions within the decollement zone; these obstructions caused part, and eventually all, of the Rome to be aban doned in the subsurface. This abandoning process can be demonstrated by the comparison of details in three Rome sections, arranged west to east ( fig.  7) . Section 1, which is the Bull Run locality, shows a complete Dunlap-type decollement zonation, but at section 2, the lower broken zone and part of the upper fracture zone are missing. In the eastern most section, more of the upper fracture zone is missing. In essence, the abandoning process resulted in a progressive west-to-east subtraction of material from the base of the Rome so that the stratigraphic position occupied by the Valley and Ridge decolle ment migrated vertically (pi. 5).
Cumula 
STOP 4 THE PINE MOUNTAIN THRUST SHEET
The Clinchport thrust fault is generally con sidered to be the southeast limit of the Pine Moun tain thrust sheet (pi. 2). From this point on (mile 16), we will be making a surface cross-sectional traverse through the classic Pine Mountain struc ture.
The Pine Mountain thrust sheet, a distinct quad rilateral structure about 125 miles (200 km) long and 25 miles (40 km) wide, is bound on the north west by the Pine Mountain thrust fault, on the southwest by the Jacksboro fault, and on the north east by the Russell Fork fault. The sheet can be 13.8 __1.4 16.0 __2.2 divided into two major features-the Middlesboro syncline on the northwest and the Powell Valley anticline to the southeast. Displacement on the Pine Mountain fault increases from about 4 miles (6.4 km) at its northeast end (Englund, 1971) to about 11 miles (17.6 km) at its southwest end (Englund, 1968 ). An abundance of surface and subsurface data in the region indicates that the Pine Mountain sheet forms the distal part of a general pattern of defor mation that decreases in intensity from the Pied mont on the east to the Appalachian Plateau on the west (pi. 6).
The following generalizations were made by Butts (1927) , Rich (1934), and Fuller (1954) from the geologic relations shown in a single crosssection (section F-F', pi. 2) : The Pine Mountain thrust fault formed early in the Allegheny orogenic cycle as a low-angle fault in sedimentary rocks that were little deformed. Taking advantage of contrasts in rock competence, the fault started in incompetent Cambrian shaly zones within the Rome Formation or Conasauga Group, above the contact between basement and the Paleozoic sedimentary cover. It followed this near-basement contact zone westward to near the present-day Valley and Ridge-Plateaus contact. There it shifted abruptly upward across a competent zone along a steeply dipping diagonal fault and relocated as a bedding thrust in another incompetent shaly zone (the Chattanooga Shale). It continued at that level to the Pine Mountain area, where it was probably deflected to the surface by a splay anticline.
Although the basic geometry of the Pine Moun tain fault was correctly identified in the Ewing section, sections (pi. 2) in other parts of the sheet demonstrate that along strike the initial fracture does not maintain the same stratigraphic position beneath the Pine Mountain thrust sheet (Harris, 1970 These sections demonstrate that the Pine Moun tain fault is a complex system that initially formed at different stratigraphic levels along, as well as across, strike ( fig. 5 ). Apparently subsurface trans verse faults act as connecting links, enabling lowangle thrust faults to form along strike at different stratigraphic levels; diagonal crosscut ramp faults are the connecting links that perform the same func tion normal to strike (Harris, 1970) . Because the initial Pine Mountain fracture did not form at the same stratigraphic level throughout the Pine Moun tain thrust sheet, movement across the irregular surface resulted in a rootless surficial anticline (Powell Valley anticline) characteristic of thinskinned deformation ( fig. 9 ). The northwest limb of the anticline formed when beds in the crosscut zone moved upward and laterally so that the trun cated edges of beds in that zone rotated to the subhorizontal surface of the Devonian-level thrust sur face. The crestal area of the rootless anticline is a broad, relatively flat zone formed by the duplica tion of several thousand feet of section above the gently southeast-dipping Devonian-level thrust sur face. The dip of the southeast limb is a reflection of the dip of the diagonal crosscut fault in the autochthonous plate. At this locality we are looking at the steeply dipping northwest limb of the Powell Valley anti cline, a surficial structure confined to the rocks above the Pine Mountain thrust fault. In contrast, rocks in the subsurface below the Pine Mountain thrust are subhorizontal and have a gentle regional dip to the southeast (pi. 2, section E-E'). Rocks of the northwest limb of the anticline have been dis placed about 11 miles (17.6 km) northwestward from their root zone, which is in the subsurface beneath the south limb of the Powell Valley anti cline. The northwest limb of the Powell Valley anti cline was formed during movement, when beds in the crosscut zone in the allochthonous plate were moved up the tectonic ramp and rotated onto the next higher level subhorizontal detachment surface near the base of the Silurian Rockwood Formation in the autochthonous plate.
To the northwest beneath the Middlesboro syncline, the dip of the Pennsylvanian rocks in this limb of the anticline changes rapidly from near ver tical to about 10° to subhorizontal. This change in attitude reflects the subsurface beneath the Middles boro syncline where the Pine Mountain, thrust is no longer crosscutting rocks in the allochthonous sheet. Instead, the fault is paralleling bedding in both hanging wall and footwall. The same relationship can be seen to the southeast, where steeply dipping Cambrian and Lower Ordovician rocks at the base of the northwest limb of the Powell Valley anticline change their attitude southward and become a gently undulating sequence across the broad core re gion of the anticline. The attitude of the rocks in the core region of the Powell Valley anticline, like the attitude of the rocks in the Middlesboro syn cline, is simply a reflection of the parallelism of the Pine Mountain thrust in the subsurface to bedding in both hanging-wall and footwall rocks.
Mileage-Continued
Cumula The Pine Mountain thrust fault at this locality places the Chattanooga Shale (Devonian and Mis sissippian) above subhorizontal Pennsylvanian rock (Englund, 1968) . Rocks above the fault dip about 30° SE., probably mimicking the dip of a tectonic ramp extending upward from the Chattanooga Shale to rocks of Pennsylvanian age (pi. 2). Be cause the fault exposure is on a hill slope, rather than a vertical roadcut, weathering tends to ob scure most of the internal structural detail within the zone, although intense fracturing of the shale is readily apparent. The overlying rocks of Mississip pian age, which are fully exposed in near-vertical roadcuts, show few structural characteristics like those of the upper fracture zone seen at Dunlap, indicating that the zone of fracture was very thin and largely confined to the Chattanooga Shale. The Chestnut Ridge fenster is the southwesternmost of several fensters exposed along the axial region of the Powell Valley anticline ( fig. 6 ). Butts (1927) , upon discovery of the fensters, proposed that the Pine Mountain thrust, which heretofore was thought to dip steeply toward basement (Wentworth, 1921) , was in reality a low-angle thrust, extending southwestward from Pine Mountain to the fenster area. Remarkably, although he had a minimum of surface data, Butts constructed a crosssection to near sea level that differs little from those produced today with the aid of subsurface control.
Later, Rich (1934) , utilizing the Butts data, formu lated the general characteristics of thin-skinned de formation.
At this locality, the Pine Mountain fault is ex posed on a side road leading to the right. The Pine Mountain fault brings the Maynardville Formation (Upper Cambrian) in contact with the Rose Hill Formation (Silurian) in the autochthonous plate. West of the intersection on the right side of the valley, the Pine Mountain fault is arched upward from road level to about 80 feet (24 m) above road level, thus carrying the Maynardville from road level to the tree line on the hill. The Rose Hill is generally in pasture land, whereas the rocky Maynardville is in woodland, making easy the de marcation of the Pine Mountain fault along the edge of the Chestnut Ridge fenster.
Surface and subsurface studies by Miller and Fuller (1954) and Miller and Brosge (1954) throughout most of the fenster area of southwest Virginia clearly show that the Pine Mountain is arched on the order of 5,000 feet (1,500 m) beneath the Powell Valley anticline. Drilling by Shell Oil Co. south of the Chestnut Ridge fenster ( fig. 10 ) determined that this arching was not the result of the folding process operating within the sedimen tary prism; rather, arching resulted from subsur face duplication of more than 5,600 feet (1,680 m) of beds by the unexposed Bales thrust fault (Harris, 1967) . The source of the duplicated beds is within the autochthonous plate beneath the Pine Mountain thrust, which is contrary to the generally accepted concept that rocks of that plate are passive ele ments in thin-skinned deformation (Rich, 1934) . Oil exploration in the area has been confined to the Trenton in the duplicated slab, and the autochthon ous plate below the slab has not been explored.
From this locality to the southwest edge of the fenster, we will traverse the truncated edges of the Rose Hill Formation, Clinch Sandstone, and Sequatchie Formation, all within the autochthonous plate. Exposed in a small quarry at 135.3 on the right side of the road is a fault slice of the !Maynardville For mation, which on the road is in fault contact with a small slice of the Trenton Limestone. Detailed mapping of the Chestnut Ridge fenster (Miller and Fuller, 1954; Harris and others, 1962) shows that a series of fault slices of the Maynardville Forma tion and Knox Group exposed in the fenster inter venes between the older Cambrian rocks of the Pine Mountain thrust sheet and the younger formations in the autochthonous plate ( fig. 6 ). This series of slices resembles the broken-formation zone that overlies the Pennsylvanian decollement at Dunlap. We suggest that these slices may be abandoned parts of the Knox derived from the broken-forma tion zone beneath the crosscut in the allochthonous plate (pi. 2).
This exposure of the Conasauga Group marks the southwest edge of the Chestnut Ridge fenster. Note on the map (fig. 6 ) the sharp stratigraphic change from east to west of the Pine Mountain fault from the base of the Maynardville Formation over the fenster to the Conasauga at this locality. Drilling west of the fenster shows that the Pine Mountain thrust changes stratigraphic position along strike to the southwest from the base of the Maynardville to near the base of the Rome Formation along a steeply dipping transverse fault (Harris, 1970) . We interpret the sharp contact of fenster rocks and the Conasauga to be the trace of the transverse fault, which enabled the Pine Mountain fault to form along strike at different stratigraphic posi tions.
Cumula The Hunter Valley thrust brings Middle Cam brian shales and carbonate rocks in fault contact with the Devonian part of the Chattanooga Shale (pi. 9). The main purpose of this stop is to com pare the details of the structure in a lower level decollement zone in shale and carbonate with those in the same zone in the terrigenous clastic rocks of the Rome Formation at Bull Run (stop 3). The lower broken-formation zone is not present above the detachment fault at this locality as it is at Bull Run. Instead, only the upper fracture zone is fully exposed. The type of structural feature present in the Duflfreld section is similar to the type present in
